Malignant pleural mesothelioma (MPM) is often fatal, and studies have revealed that aberrant miRNAs contribute to MPM development and aggressiveness. Here, a screen of miRNAs identified reduced levels of miR-223 in MPM patient specimens. Interestingly, miR-223 targets Stathmin (STMN1), a microtubule regulator that has been associated with MPM. However, whether miR-223 regulates STMN1 in MPM and the functions of miR-223 and STMN1 in this disease are yet to be determined. STMN1 is also regulated by c-Jun N-terminal kinase (JNK) signaling, but whether this occurs in MPM and whether miR-223 plays a role are unknown. The relationship between STMN1, miR-223, and JNK was assessed using MPM cell lines, cells from pleural effusions, and MPM tissue. Evidence indicates that miR-223 is decreased in all MPM tissue compared with normal/healthy tissue. Conversely, STMN1 expression was higher in MPM cell lines when compared with primary mesothelial cell controls. Following overexpression of miR-223 in MPM cell lines, STMN1 levels were reduced, cell motility was inhibited, and tubulin acetylation induced. Knockdown of STMN1 using siRNAs led to inhibition of MPM cell proliferation and motility. Finally, miR-223 levels increased while STMN1 was reduced following the re-expression of the JNK isoforms in JNK-null murine embryonic fibroblasts, and STMN1 was reduced in MPM cell lines following the activation of JNK signaling.
Introduction
Malignant pleural mesothelioma (MPM) arises from the mesothelial cells lining the body's serosal cavities. MPM has limited therapeutic strategies, and the median survival is 9 to 12 months. The most important risk factor for developing MPM is exposure to asbestos (1) . Despite asbestos use and production being banned in many countries, exposure still occurs via nonoccupational exposure and its continued use in developing countries (2) .
The small but powerful regulators of gene expression miRNAs are potentially novel therapeutic targets for the treatment of cancers. MiRNAs are regulators of developmental and cellular pathways and most commonly silence genes by binding to the 3 0 -untranslated region (UTR) of target mRNA. This binding induces either mRNA degradation or inhibition of translation (3) . More than 50% of miRNA genes are found in cancer-associated genomic regions, and their altered expression in numerous cancers supports the notion that these small RNAs serve as a novel class of oncogenes or tumor suppressors (4) .
More recently, the aberrant expression of miRNAs has also been demonstrated in MPM (5) . The identified miRNAs are predicted to target some of the more frequently affected genes in MPM, and many are located in chromosomal areas known to be deleted or gained in this disease (6) . Specific miRNAs such as miR-31 (7), miR-34b/c (8), miR-29c Ã (9), miR-16 (10) , and miR-205 (11) have been shown to influence functional characteristics of MPM cells. Others, including the miR-200c family (12) , miR-126 (13), miR-103 (14) , and miR-625-3p (15) , have been investigated for their diagnostic potential.
The focus of this study was miR-223. Recent evidence suggests that miR-223 may behave as an oncogene or tumor suppressor in a range of hematopoietic and solid tumors (16) (17) (18) (19) (20) (21) and can regulate functions, such as proliferation, migration (16, 22) , and chemoresistance (23) in these malignancies. The role of miR-223 in MPM is unknown. MiR-223 is predicted to target many genes including the microtubule regulator Stathmin (STMN1; refs. 17, 21) that was previously linked to MPM (24) .
STMN1 is a ubiquitously expressed cytosolic phosphoprotein in humans (25) and modulates microtubule dynamics, therefore playing an essential role in mitosis, intracellular transport, motility, and maintenance of cell shape (26) . STMN1 is highly expressed in a number of cancers, and this expression is believed to promote carcinogenesis (27) . STMN1 was previously shown to be overexpressed in MPM (24) ; however, the functional role of STMN1 in this cancer has not been determined.
The mechanisms regulating STMN1 overexpression during malignancy are complex. They not only include posttranscriptional regulation by miRNAs like miR-223 (17, 21) but also the loss of tumor suppressor p53 (28, 29) and constitutive activity of several oncogenic transcription factors (30) (31) (32) . In a previous study, we demonstrated negative regulation of STMN1 expression by c-Jun N-terminal kinase (JNK) signaling through c-Jun in embryonic fibroblasts (33) . The extent to which JNK signaling is involved in regulating STMN1 in MPM is unclear.
In this study, we examined expression levels of miR-223 in MPM. Because STMN1 may be highly expressed in MPM and STMN1 is regulated by miR-223, we determined whether miR-223 regulates STMN1 in MPM and explored the regulatory mechanisms involved. Finally, we investigated the functional relevance of altered miR-223 and STMN1 levels in the pathogenesis of MPM.
Materials and Methods

Cell lines
Eight MPM cell lines (five human and three mouse), primary human and mouse mesothelial cells, and the immortalized mesothelial cell line Met-5A were included in the study. The human (JU77, LO68, NO36) and mouse MPM cell lines (AB1, AB2, AB22) and Met-5A were kindly provided by Prof Bruce Robinson (Department of Medicine and Pharmacology, University of Western Australia, Australia). The CRL2081 and CRL5820 cell lines were obtained from the American Type Culture Collection (ATCC). All cell lines were grown in DMEM (Life Technologies) supplemented with L-glutamine (Life Technologies), penicillin, streptomycin (Life Technologies), and 10% FCS (SERENA). Mesothelial cells were grown under the same conditions but with 15% FCS. Mouse mesothelial cells were isolated from the omentum, and fat pads of BALB/C mice and human mesothelial cells were isolated from pericardial fluid as previously described (34) . JNK-null murine embryonic fibroblasts (MEF; iJNK1, iJNK2, and iJNK1/2) were used for the controlled re-expression of JNK isoforms as described previously (33) .
Patient samples
The 17 MPM tumor samples used in this study are part of a previously described series of archived formalin-fixed paraffin-embedded (FFPE) specimens collected from patients undergoing extrapleural pneumonectomy at Strathfield Private or Royal Prince Alfred Hospitals (RPAH) in Sydney, Australia, between 1994 and 2009 (35 
RNA isolation
To enrich for tumor content, tumor specimens were lasercapture micro-dissected using the PALM System (Zeiss) as described previously (15) and deparaffinized in xylene. RNA was isolated from deparaffinized tumor samples and formalin-fixed normal pleural tissue using the RNeasy FFPE Mini Kit (Qiagen) according to the manufacturer's instructions. Total RNA or enriched miRNA was extracted from cells using the miRNeasy Mini Kit (Qiagen) according to the manufacturer's protocol.
Reverse transcription and real-time qPCR
Total RNA from tumor samples (50 ng) and cells (10 ng) was reverse transcribed using the TaqMan MicroRNA Reverse Transcription Kit (Life Technologies) together with an equimolar mix of primers specific for miR-223 and endogenous controls (RNU6B for tumor and RNU48, RNU44, or SNOR202 for cells). The resulting cDNA (5 mL) was diluted by addition of 28.9 mL ultrapure water, and 2.25 mL per well was used as template in real-time qPCR. qPCR was performed in duplicates using the appropriate TaqMan primer/probes together with the TaqMan Universal Master Mix no AmpErase UNG (Life Technologies) in a total reaction volume of 10 mL. To analyze STMN1 expression, 1 mg of RNA was reverse transcribed using the Omniscript Reverse Transcription Kit (Qiagen) and random hexamer primers (Life Technologies). 
Western blot
Protein (20 mg) was separated on a 12% acrylamide/bisacrylamide (BIO-RAD) gel with sodium dodecyl sulphate electrophoresis and transferred onto a polyvinylidene fluoride (PVDF) membrane (Merck Millipore). After blocking with 5% skim milk for an hour, the membrane was incubated overnight with primary antibodies at 4 C. The membrane was washed and incubated with rabbit or mouse Horseradish peroxidase (HRP)-conjugated antibodies (Agilent Technologies). The membrane was washed again and bands detected using Immobilon Western HRP Substrate (Merck Millipore) and an AGFA CP1000 X-ray Processor (AGFA Healthcare). To reprobe with antibodies to determine total protein loading, membranes were incubated with glycine stripping buffer (50 mmol/L glycine, 35 nmol/L SDS, 1% Tween-20, pH 2.5), blocked in 5% skim milk, and incubated with a-tubulin primary antibody overnight before the detection of a-tubulin the following day.
Transient transfections and immunoprecipitation
All transfection studies were carried out using the Lipofectamine 2000 reagent (Life Technologies). For miR-223 overexpression studies, cells were transfected with 10 nmol/L of the Ambion Pre-miR miRNA-223 mimic or Ambion Pre-miR miRNA scrambled control (Life Technologies). For STMN1 inhibition studies, cells were transfected with 10 nmol/L of the STMN1 siRNA or control (Santa Cruz Biotechnology). For JNK knockdown, cells were transfected with ON-TARGETplus siRNA (20 nmol/L; Dharmacon), targeting JNK1 or JNK2 isoforms individually or in combination, and in order to activate JNK signaling, cells were transfected with constitutively active MKK7 and MEKK1 constructs. Immunoprecipitation (IP) of the AGO2 protein was carried out as previously described (36) .
Cell proliferation, clonogenicity, and migration assays
Cell proliferation was analyzed using the Methylene Blue and WST-1 assays (Roche). Cells were seeded in 96-well plates, transiently transfected, and serum-starved for 24 hours before grown in 10% FCS medium. Proliferation was ceased 0, 24, and 48 hours later by fixing plates with 4% paraformaldehyde (PFA; Sigma-Aldrich). Cells were stained with 2% methylene blue solution (Sigma-Aldrich) and washed in several changes of 0.01 mol/L borate buffer (Sigma-Aldrich) before the addition of acid ethanol. Absorbance was measured at 650 nm. When using the WST-1 assay, 10 mL of the reagent was added to each well and incubated for 2 hours at 5% (v/v) CO 2 and 37 C, and then measured at 450 nm.
The ability of MPM cells to grow in colonies was assessed following transfection with the miR-223 mimic or STMN1 siRNA. Transfected cells were serum-starved and the following day seeded in 6-well plates. Cell colonies formed around 10 days following seeding. Colonies were stained with 0.05% crystal violet (SigmaAldrich) and counted.
Cell motility was analyzed using a wound/scratch assay. Cells were grown in a 12-well plate, transiently transfected, serum-starved for 24 hours, and then grown to confluence. The cell monolayer was disturbed by scratching the cells. Photos were taken at 0, 24, and 48 hours after scratching, and the area of the scratch that was covered by cells (percentage) was determined using Image J software (National Institute of Health). To confirm the role of STMN1 in MPM cell migration, a transwell membrane with 0.8 mm pores (BD Biosciences) was used. Transiently transfected cells were seeded on top of the transwell membrane (5.0 Â 10 4 cells/well) in serum-free DMEM with serum-free or 10% FCS growth media (500 mL) added to the bottom. After 24 hours, cells were fixed using 4% PFA. Cells that had not migrated through the membrane were scraped off, and the remaining cells were stained using 0.05% crystal violet for 30 minutes. Cells in 4 random fields for each membrane were counted, and percentage migration was calculated. 
Statistical analysis
Data are expressed as mean þ SEM of three experiments unless otherwise specified. Statistical significance was determined using Graphpad PRISM 4 with a two-tailed unpaired test or a MannWhitney test for data that were not normally distributed. A P value less than 0.05 was considered statistically significant.
Results
MiR-223 expression is low in MPM
To identify miRNAs with an altered expression in MPM, we performed RT 2 miRNA PCR Array analysis of 88 miRNAs in human mesothelial cell controls and three MPM cell lines (NO36, JU77, LO68). When we compared miRNA expression between the mesothelial and MPM cells, we identified a number of miRNAs that were either up-or downregulated in the MPM cell lines. We selected miR-223 for further study, as this was the only miRNA consistently downregulated in the MPM cell lines (Fig. 1A) . In order to confirm this finding, we then measured the expression of miR-223 in a range of MPM samples.
The levels of miR-223 were validated in human and mouse mesothelial cells and five human and three mouse MPM cell lines by qPCR. Compared with the mesothelial cell controls, miR-223 was expressed significantly lower in both human (P < 0.01, Fig. 1B ) and mouse (P < 0.01, Fig. 1C ) MPM cell lines, validating our preliminary observation. To confirm that miR-223 is reduced in MPM patients, we also examined miR-223 levels in tumor tissue and pleural effusion cells. MiR-223 was analyzed in 17 human FFPE MPM and six control pericardial mesothelium samples by qPCR. MiR-223 was expressed significantly lower in the MPM tissues (P < 0.001, Fig. 1D ). An miRNA profiling study in cells isolated from pleural effusions of patients with MPM or benign pleural disease (Taqman OpenArray miRNA platform) showed significantly lower levels of miR-223 in the MPM effusion cells compared with benign controls (P < 0.05, Fig. 1E ). This finding was confirmed by qPCR (P < 0.01, Fig. 1F ).
STMN1 is overexpressed in MPM cell lines
STMN1 was first confirmed as a target of miR-223 by Wong and colleagues in 2008 (21) . These authors also demonstrated that within both hepatocellular carcinoma (HCC; ref. 21) and gastric cancer (17), a downregulation of miR-223 contributed to high levels of STMN1. We found low levels of mir-223 in MPM and as STMN1 was previously shown to be expressed at high levels in MPM cell lines and tumors (24), we hypothesized that a loss of miR-223 may contribute to the overexpression of STMN1 in MPM. We measured STMN1 mRNA by qPCR and found that STMN1 levels were significantly higher in human MPM cell lines compared with mesothelial cell controls (P < 0.05, Fig. 2A ). STMN1 mRNA levels were also significantly higher in two of the three mouse MPM cell lines examined (P < 0.05, Fig. 2B ). Levels of STMN1 protein were assessed by Western blot and quantified using densitometry. In the human MPM cell lines, STMN1 protein was significantly increased compared with mesothelial cell controls (P < 0.01, Fig. 2C ). In the mouse MPM cell lines, 
(NP). E, Taqman
OpenArray analysis of miRNAs in cells isolated from pleural effusions of MPM and benign pleural disease (Benign) patients showed miR-223 is significantly lower in MPM. F, qPCR validation confirmed this result. Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001.
STMN1 protein was also significantly higher in two of the three MPM cell lines, consistent with the mRNA data (P < 0.05, Fig. 2D ).
MiR-223 regulates STMN1 in MPM
To determine if miR-223 targets STMN1 in MPM, the miR-223 mimic or a control construct was transfected into JU77 and CRL2081 cells. Of the five cell lines used in this study, JU77 had one of the lowest STMN1 levels, whereas CRL2081 had one of the highest. The day following transfection, cells were serum starved, and 24 and 48 hours later, the cells were harvested. To ensure that the transfection was successful and that miR-223 expression had increased, miR-223 levels were measured by qPCR. Levels of miR-223 were significantly higher at 24 and 48 hours compared with controls in both cell lines (P < 0.01, Fig. 3A) . STMN1 mRNA and protein were then measured by qPCR and Western blot, respectively. Both STMN1 mRNA (P < 0.05, Fig. 3B ) and protein (P < 0.05, Fig. 3C ) were reduced at both time points in both cell lines. To validate these findings, we used IP to isolate the AGO2 protein (Fig. 3D) following transfection of JU77 cells with the miR-223 mimic. AGO2 is the protein found within the RNAinduced silencing complex (RISC) to which miRNAs and their targets bind. Therefore, if STMN1 is a target of miR-223, in miR-223-transfected cells, there should be higher levels of endogenous STMN1 bound to miR-223 and AGO2 compared with cells transfected with a scrambled control. Our results show that following AGO2-IP, more STMN1 was bound to miR-223 and AGO2 in miR-223-transfected cells versus cells transfected with control constructs (Fig. 3D) .These results confirm that miR-223 can bind to and regulate STMN1 in MPM cells.
JNK signaling regulates miR-223 and STMN1
Previously, we demonstrated that in the absence of JNK signaling, STMN1 was substantially overexpressed in murine fibroblasts and that the re-expression of JNK decreased STMN1 to normal wild-type levels (33) . In the current study, we found that miR-223 levels were significantly elevated and inversely In support of this occurring in MPM, expression, and phosphorylation of c-Jun, the downstream archetypal substrate of JNK is reduced while STMN1 expression is elevated in human MPM cell lines when compared with control primary mesothelial cells (Fig. 4B ). This also occurs in mouse MPM cell lines (data not shown). In addition, JNK activation in response to hyperosmolarity or ectopic expression of constitutively active upstream activators (MKK7/MEKK1) triggered decreased STMN1 levels in JU77 MPM cells (Fig. 4C and D) . These results indicate that JNK signaling regulates STMN1 and miR-223 expression, and this may occur in MPM cells.
MiR-223 regulates MPM cell motility
Emerging evidence suggests that miR-223 has a role in regulating cell functions, such as proliferation and migration (16, 17, 22, 37) . We examined the effect of increased levels of miR-223 on MPM cell proliferation using WST-1 and methylene blue assays. Overexpression of miR-223 did not alter cell proliferation in either JU77 or CRL2081 cells over 48 hours (Fig. 5A) . The effect of increased miR-223 levels on cell clonogenicity over 7 to 21 days was also assessed, and the results were also negative (Fig. 5B) . However, overexpressing miR-223 significantly inhibited MPM cell motility at 24 hours when this was assessed using an in vitro wound/scratch assay (P < 0.05, Fig. 5C ). Our findings indicate that low levels of miR-223 may enhance cell motility in MPM. We also observed an increase in acetylated microtubules following miR-223 overexpression while the total microtubule network remained relatively unchanged (Fig. 5D ). This suggests increased microtubule stabilization following miR-223 overexpression and is consistent with downregulated STMN1 expression as a consequence. Reducing STMN1 using siRNA inhibits MPM cell proliferation. STMN1 (A) mRNA and (B) protein were significantly reduced in the JU77 and CRL2081 cell lines following transfection of STMN1 siRNA and as determined by qPCR and Western blot analysis. C, the reduction of STMN1 using siRNA significantly inhibited proliferation for 24 hours in both cell lines (n ¼ 3). Ã , P < 0.05.
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STMN1 regulates MPM cell motility
It has been proposed that STMN1 plays an oncogenic role in MPM (24) . To determine if STMN1 is important in MPM tumorigenesis, STMN1 levels were reduced in MPM cells using specific siRNAs and cell proliferation, clonogenicity, and motility assessed. Following transient transfection of the STMN1 siRNA or control construct, STMN1 mRNA and protein were measured. STMN1 mRNA (P < 0.05, Fig. 6A ) and protein (P < 0.05, Fig. 6B ) were significantly reduced at both 24 and 48 hours in JU77 and CRL2081 cells. Reducing STMN1 also significantly inhibited cell proliferation at 24 hours in both cell lines (P < 0.05, Fig. 6C ), although this inhibition was not apparent at 48 hours. Reducing STMN1 did not affect MPM cell clonogenicity (Fig. 7A ) but significantly reduced cell motility at 24 hours when assessed using a wound/scratch assay (P < 0.05, Fig. 7B ). However, the closing of the wound/scratch can involve both cell proliferation and migration, and as already mentioned, we observed an inhibition of MPM cell proliferation following the knockdown of STMN1. Therefore, we cannot conclude whether the reduction seen in wound/scratch closure following STMN1 reduction was due to cell migration or proliferation or a combination of these. In order to confirm that STMN1 does have a role in regulating MPM motility, we then assessed MPM cell migration using a transwell migration assay. Migration of both JU77 and CRL2081 cells was significantly reduced through the transwell membrane following the knockdown of STMN1 expression (P < 0.05, Fig. 7C ). These results suggest that STMN1 is potentially involved the regulation of MPM proliferation and motility.
Discussion
MPM is a fatal cancer as current treatments rarely extend patient survival beyond 12 months (1). In order to develop novel treatments for MPM, a better understanding of the molecular Ã , P < 0.05; ÃÃ , P < 0.01. mechanisms underlying this disease is needed. MiRNAs are ideal therapeutic targets to investigate given their powerful regulatory potential (38) . Many studies, summarized by Truini and colleagues, 2014, have identified miRNAs-associated with MPM (5). Here, we show for the first time that loss of miR-223 and JNKsignaling through the c-jun transcription factor contribute to the overexpression of STMN1 in MPM.
Aberrant miR-223 expression has been shown in a number of cancers, but its role in carcinogenesis remains to be clarified, as opposing results have been reported. MiR-223 is highly expressed and thought to act as an oncogene in bladder cancer (39) , recurrent ovarian cancer (20) , and gastric cancer (40) . In contrast, miR-223 is downregulated in osteosarcoma (41), esophageal carcinoma (16) , and HCC (21) . Consistent with these latter studies, we found low levels of miR-223 in a range of MPM samples, including cell lines, cells isolated from MPM patient pleural effusions and tissue.
One target of miR-223 is STMN1, a microtubule regulator protein that has been associated with tumorigenesis in various cancers. STMN1 modulates cell mitosis, movement, and shape through its regulation of microtubule dynamics (26) and is highly expressed in leukemia, lymphoma, neuroblastoma, and prostate, breast and ovarian cancer, and many others (42) . This high expression often correlates with a poorer prognosis and the development of local and distant metastasis (27) . We found STMN1 to be highly expressed in both human and mouse MPM cell lines compared with mesothelial controls. This observation supports the results of earlier research in which high levels of STMN1 were observed in MPM cell lines and tumors (24) and suggests STMN1 may have an oncogenic role in MPM.
STMN1 was first identified as a target of miR-223 when a putative miR-223 binding site in the 3 0 UTR of the STMN1 gene encompassing 12 perfectly matched nucleotides was found (21) . Within this study, a strong inverse correlation between STMN1 and miR-223 levels in HCC cell lines was demonstrated. After transfection with the miR-223 mimic, a consistent reduction of the STMN1 protein was observed (21) . Similarly, in gastric cancer cell lines, luciferase reporter assays were used to demonstrate the specific interaction between miR-223 and the 3 0 UTR of STMN1. Transfecting miR-223 into these cells reduced the STMN1 protein and addition of an miR-223 blocker rescued STMN1 expression, suggesting that the suppressive effect was specifically caused by miR-223 (17) . More recently, the interaction between miR-223 and STMN1 in p53 mutant breast and colon cancer cells was demonstrated (23) . Mutant p53 was shown to upregulate STMN1 via miR-223 downregulation and as a consequence enhances the chemoresistance of these cells. In the current study, STMN1 mRNA and protein were consistently reduced following overexpression of miR-223, and higher levels of endogenous STMN1 were observed bound to miR-223 and AGO2 in cells transfected with the miR-223 mimic compared with cells transfected with a control. These results strongly suggest that STMN1 is regulated by miR-223 in MPM cells and that this regulation also occurs in MPM.
To further investigate the regulatory mechanisms underlying low miR-223 expression in MPM and subsequent upregulation of STMN1, we analyzed whether the JNK signaling pathway was involved. We chose JNK signaling because we previously identified this pathway as a regulator of STMN1 expression (33) . Following the re-expression of the JNK isoforms in JNK knockout MEFs, we observed a correlation between JNK-mediated miR-223 upregulation and STMN1 downregulation. We also observed downregulation of STMN1 in MPM cell lines following activation of JNK signaling. These results imply that within MPM, the low expression of miR-223 and the high levels of STMN1 may be caused by aberrant JNK signaling and suggest a potential tumor-suppressive role for the JNK-miR-233-STMN1 axis. JNK signaling has been shown to play a role in MPM cell death (43, 44) ; however, other studies have shown that JNK can have various functions in other malignancies (45) . Our findings are novel in this regard, revealing a potential new role for JNK in MPM biology.
To explore miR-223 0 s role in MPM, the effect of overexpressing miR-223 on MPM cell function was assessed. Increasing the levels of miR-223 had no effect on cell proliferation or clonogenicity but significantly reduced cell motility. This is consistent with previously reported findings for esophageal carcinoma, whereby the overexpression of miR-223 inhibited cell migration across a wound/scratch (46) . In support of the observed reduction in cell motility, overexpressing miR-223 induced the acetylation of tubulin within MPM cells. The acetylation of tubulin is consistent with microtubule stabilization and a reduction in cell motility (47) .
The role of STMN1 in MPM cell function was assessed by inhibiting STMN1 using siRNA. The inhibition of STMN1 reduced cell proliferation over the first 24 hours but not by 48 hours, and reducing STMN1 had no effect on MPM cell clonogenicity. However, inhibiting STMN1 reduced MPM cell motility, supporting earlier studies in gastric (17) and colon cancers (48) .
In conclusion, we have shown that miR-223 targets STMN1 in MPM, and miR-223 and STMN1 are potential regulators of MPM cell motility, and both STMN1 and miR-223 are regulated by JNK signaling. It remains feasible that miR-223 may behave as a tumor suppressor in MPM, whereas STMN1 has potential oncogenic characteristics. MiR-223 and STMN1 are attractive targets for future MPM therapeutic studies.
